Neat DMF and DMA show the in-plane bending δ(O=C-N) vibration at 660 cm -1 and the symmetric stretching ν(N-CH3) vibration at 740 cm -1 , respectively. The metal(II) perchlorate solution usually shows a shoulder band at a higher frequency region of the free solvent band, which is ascribed to the bound Titration Raman spectroscopy has been developed for studying the solvation structure of metal ions in solution. The method affords us the solvation number, and the value thus obtained in neat solvents is in good agreement with that determined by EXAFS. The method is then applied to solvent mixtures, and the individual solvation number for each solvent is extracted. In a solvent mixture of N,N-dimethylformamide (DMF) and N,N,N′,N′-tetramethylurea (TMU), the metal ion prefers DMF to TMU, which is ascribed to the solvation steric effect. The same applies also for the solvent mixture of N,N-dimethylpropionamide (DMPA) and DMF. However, unlike TMU, DMPA changes its conformation from the planar cis to non-planar staggered upon solvation to the metal ion. The enthalpy for the conformational change of DMPA is positive in the bulk, while it is significantly negative in the coordination sphere of the manganese(II) ion. Here, we briefly describe the procedure of measurements and analyses for the titration Raman spectroscopy, and review the solvation structure of the alkaline earth, first transition metal(II) and lanthanide(III) ions in some solvent mixtures in view of solvation steric effect.
Introduction
The solvation structure of a metal ion is essential and indispensable to understand the thermodynamics and kinetics of metal-ion complexation in solution. Solvation structure has extensively been studied by means of X-ray diffraction, EXAFS, etc., and structural parameters have been obtained for a large number of metal ions in water. [1] [2] [3] Recently, a computational approach has extensively been carried out to identify the solvation structure of the metal ion in solution. 4 Though fewer, structural parameters have also experimentally been obtained in some non-aqueous solvents, such as N,Ndimethylformamide, acetonitrile and dimethyl sulfoxide. [5] [6] [7] [8] [9] [10] [11] [12] The electron-pair donating and accepting abilities of a solvent play a key role in the metal-ion complexation in the solvent. 13, 14 The complexation is usually more suppressed in a solvent with a higher electron-pair donating ability. However, this does not apply to a solvent with a bulky functional group in the vicinity of a coordinating atom, and the complexation is even enhanced in such solvents. 15, 16 This is ascribed to a solvation steric effect that originates from steric repulsion among solvent molecules simultaneously bound to the metal ion.
It is already established that N,N-dimethylacetamide (DMA), N,N-dimethylpropionamide (DMPA) and N,N,N′,N′-tetramethylurea (TMU) show a significant solvation steric effect. In their mixtures with N,N-dimethylformamide (DMF), it is thus supposed that DMF preferentially solvates the metal ion. To clarify the solvation steric effect on preferential solvation of the metal ion in the solvent mixtures, information on the individual solvation number is particularly important. However, it is difficult to distinguish oxygen-and nitrogencoordinating solvents bound to the metal ion by means of X-ray diffraction or EXAFS. Therefore, for obtaining the individual solvation number of the metal ion in solvent mixtures, we developed a fully automatic titration and data acquisition system for Raman spectroscopy. This method has successfully been applied to such amide solvents as DMF, DMA, DMPA, TMU, and their mixtures, all of which coordinate to the metal ion through the carbonyl oxygen atom. Here, we review our recent works on the structure of the metal ion and complexes in these amide solvents and their mixtures studied by means of titration Raman spectroscopy.
solvent to the metal ion. We found no additional band in the frequency region of the δ(O=C-N) and ν(N-CH3) vibrations, despite the fact that solvent molecules are present also at the second coordination sphere of the metal ion and the coordination sphere of the perchlorate ion. This indicates that the free solvent does involve all solvent molecules except those bound to the metal ion. As the interaction of the perchlorate ion with these solvents is weak and not specific, Raman scattering coefficients of intra-molecular vibrations of the perchlorate ion may remain practically unchanged in all the solvent systems examined here. Therefore, in our analyses, the ν1 vibration of the perchlorate ion (933 cm -1 ) was used as an internal standard, i.e., measured intensities of the free and bound solvent bands are all normalized relative to the intensity of the ν1 vibration.
Raman spectra over a given frequency region are deconvoluted to extract single Raman bands. A single Raman band is assumed to be represented as a pseudo-Voigt function, fV(ν) = γ fL(ν) + (1 -γ )fG(ν), where fL(ν) and fG(ν) stand for Lorentzian and Gaussian components, respectively, and the parameter γ (0 < γ < 1) is the fraction of the Lorentzian component. The intensity I of a single Raman band is evaluated by I = γIL + (1 -γ )IG, where IL and IG denote integrated intensities of Lorentzian and Gaussian components, respectively. A nonlinear least-squares program for curvefitting analyses was developed in our laboratory and used throughout. Typical results of the curve-fitting analyses for the δ(O=C-N) vibration of DMF and the ν(N-CH3) vibration of DMA are shown in Fig. 1 . 18 With respect to Mn 2+ , the observed bands are well reproduced in terms of three pseudo-Voigt functions with peak frequencies at 660, 682 and 686 cm -1 for DMF. Although the 682 cm -1 band is not assigned yet, this is not a ghost, because the corresponding bands are also found for Zn 2+ , Cu 2+ and Ni
2+
. 17 In the copper(II) perchlorate DMF solution, the vibration of perchlorate at 625 cm -1 is also included to avoid the influence of the band on extracting the
To obtain the individual solvation number ns of the metal ion in a solvent mixture, we modified the method of analyses according to Irish. 19, 20 The total molality of the solvent mT is given as mT = mf + nsmM, where mf and mM denote the molality of the free solvent and the metal ion, respectively. By multiplying this equation with the Raman scattering coefficient for the free solvent Jf, we obtain the equation, If = JfmTnsJf mM, where If (= Jfmf) stands for the integrated intensity of the free solvent band. As mT is kept constant throughout titration, If is a linear function of mM with an intercept β = JfmT and a slope α = nsJf . On the basis of a known mT value, the Jf value is obtained by Jf = β/mT, and then the ns value by ns = α/Jf. If the ns value is given, the Raman scattering coefficient for the bound solvent Jb is obtained from the slope nsJb of the Ib vs. mM plot, where Ib (= nsJbmM) stands for the integrated intensity of the bound solvent band.
Preferential Solvation of Metal(II) Ions in DMF-DMA Mixtures
The solvation number ns and scattering coefficient Jf obtained in neat DMF and DMA by titration Raman spectroscopy are listed in Table 1 , together with the ns obtained by EXAFS. [21] [22] [23] The solvation number for the Zn 2+ ion in DMA is 4.5, which is in good agreement with that obtained by EXFAS. Note that the observed ν(N-CH3) vibration for DMA bound to the zinc(II) ion consists of two pseudo-Voigt functions. This clearly indicates that the zinc(II) ion does exist as a mixture of two solvates Zn(DMA)4 2+ and Zn(DMA)6 2+ in equilibrium. Higher and lower frequency bands are ascribed to the four-and six-solvate species, respectively. Individual solvation numbers nDMF and nDMA of Mn 2+ , Cu 2+ and Zn 2+ in DMF-DMA mixtures are shown in Fig. 2 , together with the total solvation numbers. Evidently, the coordination of DMA to the zinc(II) ion is disfavored, and the total solvation number decreases with increasing DMA content, xDMA. Furthermore, the mole ratio of solvents bound to the metal ion nDMF/nDMA is larger than that in the bulk xDMF/xDMA over the whole range of solvent composition, indicating that the zinc(II) ion prefers DMF to DMA. In contrast, the manganese(II) ion show no appreciable preferential solvation. The different profile for Mn 2+ and for Zn 2+ is ascribed to the solvation steric effect, as the ligand field stabilization energy is zero for both ions. With Mn 2+ , the steric repulsion among solvent molecules is small, practically negligible, while, with relatively small Zn 2+ , the steric repulsion is large and the solvation number is reduced. This indicates that the solvation steric effect is very sensitive to the ionic size of the central metal ion.
For Cu 2+ with a distorted octahedral solvate structure, the individual solvation numbers at the axial and equatorial positions are separately evaluated. The individual solvation number of the copper(II) ion is shown in Fig. 3 . The solid line in Fig. 3(a) shows the relationship nDMF/nDMA = xDMF/xDMA. Here, the experimental points appreciably deviate from the line, indicating that the copper(II) ion prefers DMA to DMF at the axial position. This is expected because the electron-pair donating ability is slightly larger for DMA (the donor number DN = 27.8) than DMF (DN = 26.6). On the other hand, in Fig.  3(b) , the relationship nDMF/nDMA > xDMF/xDMA evidently holds, i.e., the metal ion prefers DMF to DMA, indicating that the solvation steric effect strongly operates at the equatorial position. As the metal-solvent bond length is significantly shorter for solvent at the equatorial position than that at the axial one, the result again indicates that the shorter M-O(solvent) bond length is essential for the solvation steric effect to be significant.
The solvation numbers of alkaline earth metal ions in nonaqueous solvents are not established yet, as is true for the hydration numbers, which are scattered over a certain range. 2, 24, 25 It is suggested that, according to LAXS or EXAFS, the magnesium ion is six-solvated, like the cobalt(II) ion, 26 and the calcium ion is also six-solvated in DMF and DMSO. 27 On the other hand, the strontium ion is seven-solvated in DMF and DMSO, while it is eight-solvated in acetonitrile. 28 Individual solvation numbers of alkaline earth metal ions in the DMF-DMA mixture determined by titration Raman spectroscopy are shown in Fig. 4 . The total solvation number does not significantly change over the whole range of xDMA for all the metal systems examined. Therefore, we propose that the solvation number in DMF, DMA and their mixtures is kept practically unchanged, i.e., 6, 7, 8 and 8 for Mg 2+ , Ca 2+ , Sr 2+ and Ba
2+
, respectively. The magnesium ion prefers DMF to DMA. On the other hand, the Ca 2+ , Sr 2+ and Ba 2+ ions prefer DMA to DMF, indicating that the solvation steric effect hardly operates around these metal ions, and that the metal ion thus prefers a solvent with a larger electron-pair donating ability.
Raman band shift ∆ν (= νbound -νfree) is plotted against ionic radius in Fig. 5 is strongly suppressed almost to the same extent as that for the transition metal(II) ions. As the solvation number of the magnesium ion, as well as the transition metal(II) ions, remains 6 in DMF and DMA, the shift ∆νDMA may not be ascribed only to the elongation of the M-O(solvent) bond. We suppose that the coordination structure is strongly distorted around the small magnesium ion due to the solvation steric effect. Indeed, it is established for the six-solvated transition metal(II) ions that, although the M-O(solvent) bond length is practically the same in DMF and DMA, the dihedral M-O-C-N angle is significantly distorted or the M-O-C angle is larger than 120˚ for DMA, unlike DMF.
29,30

The Lanthanide(III) Ion in DMF-DMA Mixtures
According to our EXAFS study, 31 the lanthanide(III) ion is mainly eight-solvated in DMF, while seven-and eight-solvate species coexist in equilibrium in DMA, and the equilibrium shifts strongly toward seven for heavy lanthanides. The geometry transition from eight-to seven-solvation thus occurs at a given solvent composition of the mixture. The solvent composition for the geometry transition depends strongly on the metal ion, i.e., the seven-solvate species appears at xDMA ≥ 0.8 for the large Nd 3+ ion, at xDMA ≥ 0.5 for the medium Gd 3+ ion and at xDMA ≥ 0 for the small Tm 3+ ion.
On the other hand, the lanthanide(III) ion forms an outersphere LnBr 2+ complex in DMF, while it forms an inner-sphere complex in DMA. 32, 33 The bromide ion thus penetrates into the solvation shell of the metal ion when a given solvate ion is formed. However, note that the solvent composition at which the penetration of the bromide ion starts to take place is not coupled with the geometry transition from eight-to sevencoordination. Indeed, the Nd 3+ ion is still eight-solvated in the mixture of xDMA = 0.4. This clearly indicates that the geometry transition from eight-to seven-coordination is not the decisive factor for the bromide-ion to penetrate into the first coordination sphere.
The individual solvation numbers of Nd
3+
, Gd 3+ and Tm 3+ in the DMF-DMA mixture are shown in Fig. 6 , together with the total solvation number nT = nDMF + nDMA. 34 As seen, the total solvation number of Nd 3+ remains practically eight over the range 0 < xDMA < 0.8, then slightly decreases. A similar variation is seen also for Gd 3+ , though the decrease starts at a slightly earlier stage of xDMA than that for Nd 3+ . With Tm 3+ , the decrease takes place over the whole range of xDMA. The variation profile of nT is similar to that of the Ln-O(solvent) bond length, indicating that the reduced solvation number leads to a decreased Ln-O(solvent) bond length.
It is also noted that the individual solvation number of DMF (nDMF) at xDMA = 0.4 varies over 4 to 6 for Nd 3+ , Gd 3+ and Tm 3+ ions, while the individual solvation numbers for DMA (nDMA) are all about 3, independent of the metal ion. This implies that the Ln(DMA)3(DMF)n 3+ solvate is mainly present at xDMA = 0.4, and the Ln(DMA)4(DMF)n-1 3+ solvate may thus increasingly form in the range of xDMA > 0.4 for all the metal systems. We thus propose that formation of the Ln(DMA)4(DMF)n-1 3+ solvate plays a key role in the outer-to inner-sphere transition of the bromo complexes in the DMF-DMA mixture.
The variation profile of ∆νDMA as a function of xDMA is shown in Fig. 7 . In the case of Nd 3+ , the ∆νDMA remains constant in the range of xDMA < 0.8, then slightly increases. The ∆νDMA increases at xDMA > 0.5 for Gd 3+ , and over the whole range of xDMA for Tm 3+ . The profile of ∆νDMA is in parallel with that of the Ln-O(solvent) bond length or the total solvation number in the mixture, i.e., the ∆νDMA increases with decreasing Ln-O(DMA) bond length. Neat TMU shows the stretching ν(N-CH3) vibration at 740 cm -1 . The solvation number of Mn 2+ in TMU obtained by means of titration Raman spectroscopy is 4.9, which is in agreement with that obtained by EXFAS. 7 Individual solvation numbers of Mn 2+ in DMF-TMU mixtures are shown in Fig. 8 , together with the total solvation number, nT = nDMF + nTMU. The nT remains practically six over the range of xTMU < 0.75. The nDMF decreases and the nTMU increases with xTMU, and the nDMF is still larger than the nTMU at xTMU = 0.75, indicating that the manganese(II) ion prefers DMF to TMU. This is unexpected if we take into account the stronger electron-pair donating ability of TMU compared to that of DMF, evidently indicating that the solvation steric effect plays a key role in the preferential solvation. Remember that no appreciable preferential solvation occurs in the manganese(II) solvate ion in DMF-DMA mixtures. This implies that the steric effect of TMU with a dimethylamino group is much stronger than that of DMA with a methyl group. The total solvation number nT of Mn 2+ is five in neat TMU, and the nT thus decreases in the range of xTMU > 0.75. As the nTMU is rather close to 2 even at xTMU = 0.75, the simultaneous coordination of more than three TMU molecules to the manganese(II) ion may lead to a decrease of the total solvation number around the metal ion.
The peak frequency shift ∆ν (= νbound -νfree), is plotted against xTMU in Fig. 9 . With increasing mole fraction of TMU xTMU, the ∆νDMF for DMF decreases in the range xTMU < 0.75. The variation profile of ∆νDMF in DMF-TMU mixtures is similar to that in DMF-DMA mixtures, indicating that the Mn-O(DMF) bond length is elongated with increasing xTMU in the mixture, although the elongation may be too small to be directly detected by the diffraction method. This is expected because the electron-pair donating ability of TMU is stronger than that of DMF and the individual solvation number of TMU increases with xTMU. On the other hand, the ∆νTMU for TMU remains practically unchanged in the range of xTMU < 0.75, and increases at xTMU = 1. The variation profile of ∆νTMU is in parallel with that of the total solvation number nT for xTMU < 0.75, suggesting that the Mn-O(TMU) bond length remains unchanged in the range of xTMU < 0.75, where the metal ion is six-solvated. The solvation number decreases to five in neat TMU, which may bring about a shortening of the Mn-O bond length.
Conformational Change of DMPA 36
Neat DMPA CH3CH2(CO)N(CH3)2 shows Raman bands at 711 and 760 cm -1 , which, according to our normal vibration analyses and ab initio MO calculations, are assigned to the stretching vibrations of the non-planar staggered and planar cis conformers with the C-C-C-O dihedral angle of ca. 90˚ and 0˚, respectively. The 760 cm -1 band decreases, while that of the 711 cm -1 band increases with rising temperature (Fig. 10) , suggesting that an equilibrium is established between the two conformers. The enthalpy and entropy ∆H˚ and ∆S˚ for the conformational change from the planar cis to non-planar staggered are 5.0 kJ mol -1 and 17 J K -1 mol -1 , respectively, indicating that the planar cis conformer is more stable. The ∆H˚ value is in good agreement with the calculated one (6.6 kJ mol -1 ). Figure 11 shows Raman spectra of Mn (ClO4) indicating that the strong solvation steric effect also operates in DMPA.
The presence of bound bands at 722 and 776 cm -1 indicates that a conformational equilibrium is also established for solvent molecules bound to the metal ion. Note that the intensity of the 722 cm -1 band is even stronger than that of the 711 cm -1 band, which implies that the non-planar staggered conformer is more favored in the coordination sphere of the metal ion. The -Rln(I722/I776) vs. T -1 plots gave the ∆H˚ and ∆νS˚ values of -11 kJ mol -1 and -27 J K -1 mol -1 , respectively, for the conformational change from the planar cis to non-planar staggered. The K value is 1.5 at 298 K, implying that 3 molecules of DMPA exists as the non-planar staggered conformer in the solvation sphere of the manganese(II) ion. Indeed, the non-planar staggered DMPA has been found in the crystalline state. 37 The extent of solvation steric effect of DMPA may depend on its conformation.
Indeed, the manganese(II) ion is six-solvated in N-methylpyroridone (NMP), which is the planar trans analog of DMPA with the corresponding C-C-C-O dihedral angle of ca. 180˚. The result indicates that the solvation steric effect can be strongly reduced by changing the dihedral angle.
The MnBr + complex forms extensively in DMPA. As seen in Fig. 11 , the intensity of the planar cis one slightly increases with increasing xMnBr, and the increase can be explained in terms of replacement of one DMPA molecule with the bromide ion upon complexation. In contrast, the intensity of the non-planar staggered conformer bound to the metal ion largely decreases with increasing xMnBr, while the intensity of the bound planar cis one is kept almost unchanged. This implies that the non-planar staggered conformer in the Mn(DMPA)5 2+ changes to the planar cis one upon formation of MnBr(DMPA)4 + . This is expected because the number of DMPA molecules bound to the metal ion decreases and the steric repulsion is thus reduced around the metal ion. However, with the non-planar staggered conformer bound to the metal ion, the extrapolated intensity at xMnBr = 1 is not zero, i.e., one DMPA may still exist as the non-planar staggered conformer in the MnBr + complex. We thus suppose that, although weak, the solvation steric effect still operates to an appreciable extent around the metal ion in the MnBr + complex.
Conclusion
Titration Raman spectroscopy is useful for studying metal-ion solvation particularly in solvent mixtures. The individual solvation number of the metal ion in the mixtures gave us information on the preferential solvation, which depends not only on the electron-pair donating ability of the solvent, but also on the solvation steric effect. It is found that the magnitude of the solvation steric effect is sensitive to the size of the metal ion. The solvation number is reduced for the amide solvent with a bulky functional group in the vicinity of the coordinating carbonyl oxygen atom. N,N-Dimethylpropionamide unusually changes its conformation upon solvation to the metal ion. The enthalpy of conformational change of DMPA depends strongly on the coordination structure around the metal ion. 
